The properties of an atmospheric pressure plasma jet ͑APPJ͒ are examined in a single-cell dielectric capillary configuration. In contrast to some other flow-driven APPJs, this stable, cold plasma jet is electrically driven, composed of rapidly propagating ionization fronts with speeds of the order of 10 7 cm/ s. Using spatially and temporally resolved optical diagnostics, it is demonstrated that the plasma jet is initiated independent of the dielectric barrier discharge inside the capillary. It is also shown that the properties and dynamics of this APPJ are directly analogous to those of positive corona streamer discharges.
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The atmospheric pressure plasma jet ͑APPJ͒ has been studied as a source for generating nonequilibrium atmospheric pressure plasmas for a variety of material processing and biomedical applications. The APPJ source described in this letter is a single-cell dielectric capillary configuration of the form introduced by Teschke et al., 1 which has been subsequently studied in various forms 2, 3 and as part of an array device. 4 In contrast to some other APPJ sources, this plasma jet is operated at lower gas flow rates and appears to be electrically driven.
1,2 Time-resolved imagery has shown that the jet is not a continuous volume of plasma, rather it is composed of well defined propagating ionization fronts initially termed as "plasma bullets."
1 These plasma bullets are launched with the rising edge of the voltage cycle and propagate with speeds several orders of magnitude greater than the flow speed.
1,2 Lu and Laroussi 2 proposed a streamer discharge model to explain the properties of these so-called plasma bullets. In this letter, we show that the plasma jet formed outside this dielectric capillary configuration is electrically driven and is independent of the initiation of a dielectric barrier discharge within the capillary. The temporal development and structure of this plasma jet source is similar to that of a self-sustained streamer discharge in free space. This differs from other APPJ sources that exist as a flowdriven effluent sustained from an upstream discharge. Figure 1 shows our dielectric capillary experimental configuration. A gas mixture of primarily He with a variable Ar concentration was flowed through a cylindrical glass capillary with a 2 mm inside diameter and a 3 mm outside diameter. Copper ring electrodes surrounded the capillary. The anode ring was placed near the end of the capillary and was separated from the cathode ring by ϳ1 cm. The electrodes were insulated with nylon nuts to prevent arcing outside the capillary. When energized, a capillary dielectric barrier discharge ͑CDBD͒ was excited inside this gap with a plasma jet extending beyond the edge of the capillary ͑cf. Fig. 1͒ . The plasma jet was terminated through a virtual ground plane as no physical electrode was present beyond the capillary. We excited the discharge using a positive-going unipolar voltage pulse with a rise time of 20 ns. Table I lists the ranges of other electrical parameters and ranges for the gas flow rates and mixture ratios that were studied.
Wide bandwidth voltage and current probes were used to monitor the electrical properties. An intensified chargecoupled device ͑ICCD͒ camera with a 5 ns gate width was used to monitor the CDBD and plasma jet. Plasma emission was also monitored using two separate fiber-coupled photomultiplier tubes ͑PMTs͒. The detector monitoring the CDBD was stationary throughout the experiment, while the plasma jet detector could be translated between 2 and 34 mm from the edge of the capillary. We used the PMTs to measure the relative delay of the emission intensity peaks, for which the measured displacement current peak served as a timing reference. The high degree of shot to shot repeatability, which is a characteristic of this APPJ, 1-3 allowed us to average the PMT signals over 500 shots to more accurately determine the emission delays. Consistent propagation delays related to the PMT response were subtracted from the raw emission delays. The primary error in determining the emission delay was due to the repeatability of the localized emission from the plasma jet and amounted to an error of Ϯ2 ns. The spatial resolution of the detector was Ͻ1 mm. We used 10 nm bandpass filters centered at 340, 390, and 750 nm, respectively, passing 337.1 nm emission from The discharge conditions used to acquire the data in the following figures are listed in parentheses in Table I . Figure  2͑a͒ shows a sequence of unfiltered images of the CDBD and plasma jet taken with the ICCD camera at 20 ns intervals from the onset of emission. The frames from each of the image sequences were integrated over 100 pulses to acquire sufficient signal to noise. The noteworthy feature of Fig. 2͑a͒ is the initiation of the plasma jet before the CDBD. This shows that the plasma jet is initiated independent of the discharge inside the capillary and indicates that the jet is a selfsustained discharge that is not directly coupled to the interior discharge. Figure 2͑b͒ illustrates this more precisely with high intensity emission profiles from the 750 nm Ar transition averaged over 500 pulses and acquired with the plasma jet ͑dashed line͒ and CDBD ͑dotted line͒ PMT detectors. The average total current ͑solid line͒ is also shown. The plasma jet detector was focused at ϳ2 mm beyond the edge of the capillary to ensure that the capillary did not interfere in the measurement. The plasma jet emission at this location consistently led the inner discharge by 5 -20 ns over the range of conditions listed in Table I , except for some conditions near the extremes of these ranges where the CDBD and plasma jet were marginally stable. Figure 2͑b͒ represents a typical case with the interior discharge emission lagging by ϳ10 ns. To confirm the independence of the plasma jet, we increased the gap distance by retracting the cathode ring. Under the same discharge conditions, the CDBD emission delay increased from ϳ10 to Ͼ 50 ns and became less intense, while the jet emission delay and intensity remained relatively unchanged.
The additional ICCD image sequences in Figs. 3͑a͒ and 3͑b͒ show emission bands centered at 390 and 340 nm, respectively, and illustrate the temporal development and basic structure of the plasma jet. The frames in these sequences were integrated over 600 pulses due to the weaker emission from these bands. More detailed image sequences under the same conditions can be found in Ref. 5 . Figure 3͑a͒ tracks the leading ionization front via emission from N 2 + and excited He and shows it to have a well defined structure. Conversely, emission from the comparatively lower energy N 2 C 3 ⌸ u state in Fig. 3͑b͒ shows the presence of a weakly ionized plasma channel that can be seen persisting in the wake of the advancing ionization front, establishing current continuity with the anode. These properties are consistent with those of cathode-directed streamers in positive corona discharges. 6, 7 Figure 4 tracks the propagation of the ionization front using the filter centered at 390 nm. The ionization front propagates with a constant velocity over much of the ϳ3.5 cm length of the jet with an apparent deceleration near the outer edge. The increasing error bars toward the outer edge resulted from a rapidly decreasing signal to noise ratio and temporal fluctuations caused by ambient air currents that tended to broaden the 500 pulse averaged emission profile. The constant propagation velocity was consistent over the range of conditions studied. The propagation speed derived from the linear fit in Fig. 4 was ͑5.54Ϯ 0.03͒ ϫ 10 7 cm/ s. Over the range of parameter space in Table I , the measured speeds varied in a range of ϳ͑4-8͒10 7 cm/ s and are consistent with previous results. 1, 2 The dynamics of the ionization front also closely resemble the dynamics of cathodedirected streamers in a nonuniform field predicted with numerical modeling 7, 8 and experimentally observed in positive corona discharges.
9-11 Additionally, Morrow and Lowke 7 showed that a cathode-directed streamer propagating into 
Experimental operating conditions
Applied voltage 10-13͑11͒ kV Pulse repetition rates 0.6-3.0͑1.0͒ kHz Total gas flow rates 1.5-9͑4.5͒ slm Ar/ He flow ratios Ͻ1% -25%͑5%͒
FIG. 2. ͑Color online͒ ͑a͒ Unfiltered image sequence of the plasma jet and CDBD emission acquired with a 5 ns gated ICCD camera. The frames are at 20 ns intervals from the onset of emission. ͑b͒ 750 nm emission profiles acquired with the plasma jet and CDBD PMT detectors and the total current, all averaged over 500 pulses. The data was acquired using a 5% Ar/ He gas mixture flowing at 4.5 slm with an 11 kV voltage pulse at a 1 kHz repetition rate. free space will terminate once it has propagated to the point where current continuity between itself and the anode can no longer be maintained and the photoionization sustaining its propagation is halted. This resembles our configuration without an external ground plane and it can explain the terminal behavior in Fig. 4 . The data shown in Figs. 2-4 depict a very different APPJ source that does not rely on the transport of reactive species from the CDBD in order to form the jet outside the dielectric capillary. Instead, this electrically driven APPJ has properties consistent with a cathodedirected streamer discharge in free space. There are some notable differences between the streamer-like APPJ source described here and positive corona discharges that are typically used to study cathodedirected streamers. In a typical corona discharge, the electric field diverges outward in a wide angle from the anode and is guided by the presence of a nearby ground plane. This electric field, in turn, guides the streamers, which can develop along several paths with perhaps multiple bifurcations depending on the conditions. Thus, streamer propagation is dependent on the shape of the electric field. 12, 13 Streamers developed in pulsed positive corona discharges are typically not very repeatable due to the stochastic nature of their initiation and relatively wide area through which they can propagate. The streamers associated with this configuration are, in contrast, very repeatable and highly directed, consistently tracing the same path. In addition to the presence of a straight flow-gas channel outside the capillary, we also attribute this behavior to the focusing of the electric field along the capillary axis from cylindrically symmetric charge accumulation near the capillary tip during the rising edge of the unipolar voltage pulse, as indicated by the large displacement current in Fig. 2͑b͒ . We believe that the short 20 ns rise time of the applied voltage pulse may have led to an increased surface charge accumulation that increased the local E / n and decreased the streamer initiation delay, thus enabling us to observe the initiation of the plasma jet before the interior CDBD. In fact, the plasma jet is particularly sensitive to the capillary tip geometry, which would affect the magnitude and distribution of surface charge. Because it is a challenge to isolate specific streamers in a repeatable fashion in typical corona setups, 14 this APPJ source may be useful as a controlled experiment for the study of streamer discharges.
The results show that the atmospheric pressure plasma jet in this dielectric capillary configuration is initiated before the interior CDBD ͑cf. Fig. 2͒ . This indicates that this plasma jet is a self-sustained discharge and not the flow-driven plasma effluent of the CDBD. We confirmed this by retracting the cathode, which delays the CDBD breakdown, while leaving the plasma jet relatively unchanged. This discharge has streamer-like properties ͑cf. Figs. 3 and 4͒, which corroborate the streamer discharge mechanism proposed to explain the rapidly propagating ionization fronts that make up the plasma jet. 
